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Abstract 
Nuclear Quadrupole Resonance (NQR) is a nuclear physical phenomenon. It is a solid-state radio frequency (RF) spectroscopic 
technique that can be used to detect narcotics and highly explosive substances. Unfortunately, there are limitations to NQR. The
NQR signal is restricted by the low signal-to-noise ratio (SNR) and the presence of strong RF interference (RFI). The RFI can be
reduced dramatically by shielding the search coil indoors. In this paper, numerical accumulation method is used to improve SNR 
of the weak NQR signal. According to the frequency characteristic of the background signal, AR method is used to estimate the 
power spectrum of the experimental background data. Then, the generalized matched filter is studied to enhance explosive 
detection. The experimental results show good performance of the proposed algorithm. 
© 2010 Published by Elsevier Ltd. 
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1. Introduction 
Nuclear Quadrupole Resonance (NQR) is a radio frequency spectroscopic technique that can be used to detect 
solid-state compounds contain quadrupolar nuclei, a requirement fulfilled by most high explosives. The NQR 
detection process is specific to chemistry of the explosive, regardless of how it is packaged, and thus has a low false 
alarm rate than metal detectors and GPR [1]. Since most of the explosives have a higher quantity of chemical 
element 14N, NQR detector can be used to determine whether there are explosives or not. Once the 14N in NQR 
signal is detected, the existence and the kinds of the explosives can be determined. Unfortunately, NQR signals are 
inherently weak [2], [3] and in many NQR applications, radio frequency interference (RFI) can be a major concern 
[4]. Extra RFI mitigation needs to be employed, including the active methods which require auxiliary antennas to 
measure the background RFI [1], [4] and passive methods which use specially designed antennas to cancel far-field 
RFI [2].  
In [5], a constant false alarm rate detector via modeling the background component for GPR signals by a 
time-varying linear prediction (LP) function is proposed. In this paper, we use the linear prediction autoregressive 
model method, i.e. AR process, to estimate the background noise for the NQR signals to enhance the detection 
performance. A matched filter is then used to detect the existence of explosives, which can reduce the false alarm 
rate to some extent. Numerical simulations on experimental background data and synthetic data indicate an excellent 
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performance. For notation simplicity, we shall use the normal face letter to denote scalar and the bold face lower 
case letter to denote vector in the following part.  
The rest of the paper is organized as follows. The proposed method will be present in Section 2. Experimental 
results are shown in Section 3. Finally, the conclusion is drawn in Section 4. 
2. Detector design  
2.1. Signal model  
For some explosive detection, the NQR signal is often measured as the free induction decay (FID), which is the 
response after a single excitation pulse. The noise-corrupted FID signal, denoted by 0x , can be modeled as a linear 
combination of template signal 0s  multiplied with strength A  and a background 0w , as is shown in the 
following model 
0 0 0A x s w                                         (1) 
where 0x is a vector that contains the NQR response signal. 0w  is the background noise vector, which is assumed 
to be a colored Gaussian random process with mean value zero. Here the spectrum of 0 ( )w n is assumed to be 
known. 
The pure FID signal 0s , without considering the amplitude A , can be modeled as follows [6]: 
2/ *
0 ( ) cos(2 ),  0,1, , 1 
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cs n e f n n NS M
   L                        (2) 
where 0 ( )s n  is the FID signal at the n th sampling time and 0 0 0 0[ (0), (1), , ( 1)]
Ts s s N s L is the FID 
template signal vector. 0,1, , 1n N L  is the sampling time instant. Here 2 *T , cf  and M denote the decay 
time constant, the frequency and the phase, respectively. For RDX detection, the decay time constant of the FID 
response with a resonant frequency of 3.41 MHz is about 0.7 ms [7]. 
For repeated measurements, a number of FID sample signals can be collected. The accumulation method can then 
be used to improve the signal-to-noise ratio (SNR). The summation of n  FID responses coherently increases SNR 
by a factor of n .
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Figure 1. Spectrum of the measured background signal
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Figure 2.  the AR model for background noise 
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Figure3. generalized matched filter detector 
2.2. The background noise modeling 
NQR background noise includes the thermal noise of the coil and any external RFI. The RFI can be reduced 
dramatically by shielding the search coil indoors. The power spectrum of the measured noise data accumulated for 
100 times is shown in Fig. 1, which shows that it is not a white noise, i.e. it is a colored noise. The measured 
background data is collected by Chinese Research Institute of Radio Wave Propagation. Thus we assume that the 
background noise is a colored Gaussian noise. To represent sharp spectral peaks and roll-offs, an autoregressive (AR) 
model can be employed for the modeling [9]. The background noise 0 ( )w n is modeled as a P th-order AR process 
as follows 
0 0
1
( ) ( ) ( )
P
p
p
w n a w n p e n
 
   ¦                               (3) 
where ( )e n is a white Gaussian noise with variance 2V . Practically, the AR coefficients pa and the noise variance 
2V can be estimated from the training data obtain in the field. The optional order of the AR model is determined by 
Akaike’s information criteria [9]. We use the 7th-order AR model for modeling the measured background data. 
Calculation of the AR model coefficients can be performed by solving the Yule-Walker equation. The AR model of 
the NQR background noise is shown in Fig. 2. ( )A Z  in Fig. 2 is the FFT of the coefficient vector a  and 
1 2[ , , , ]
T
Pa a a a L is the coefficient vector. The prewhitening filter can be the inverse process of the AR model, 
as shown in Fig. 3. 
2.3. Detection algorithm 
The problem of explosive detection can be described as the following binary hypothesis test: 
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1 0 0 0
: ( ) ( )  0,1, , 1
: ( ) ( ) ( )       0,1, , 1
H x n w n n N
H x n As n w n n N
  ­
®    ¯
L
L
                      (4) 
By employing a prewhitening filter, the problem becomes the one assuming a white Gaussian random process as 
follows: 
0
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where the noise ( )e n is now a white Gaussian random process, with variance 2V and mean value of zero. Here it is 
assumed that ( )s n is known, but the explosive signal ( )As n is with unknown parameter A . Hence, the probability 
of x  under the binary hypothesis in (5) is: 
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By generalized likelihood ratio test (GLRT) [8], the test statistic is obtained as follows: 
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where Aˆ  is the maximum-likelihood estimate [8] of unknown parameter A according to GLRT. 
By taking logarithms, the test statistic becomes 
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The test statistic by simplifying ( )l x  is 
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where 1K , 2K  and 3K  are different thresholds depending on the varied test statistics. 1H  is assumed to be true if 
( )T x exceeds a threshold 3K . The right side of (8) indicates the dependency of the threshold level on the amplitude. 
Since the amplitude A is uncorrelated with the test statistic in (8), a lack of knowledge of A does not matter. But the 
detection performance is affected by A . A statistical determination of the threshold level requires a complete 
knowledge of the pdf for the measured data and a pre-selected false alarm rate (FAR) according to the 
Neyman-Pearson criterion [8]. From (8), we can see that the output of the matched filter (MF) in equation (10) is 
similar to the GLRT, which shows that the output of the MF at 1n N   can be regarded as a test statistic. 
2.4. Generalized Matched filter detector 
Fig.3 shows the procedure of the signal processing by the generalized matched filter. The generalized matched 
filter (GMF) is the combination of prewhiteing filter with matched filter (MF). Once processed by the prewhitening 
filter, the signal goes through a N-tap matched filter, the coefficient vector of the matched filter is: 
[ (0), (1), , ( 1)]Th h h N h L
According to the matched filter theory [8], the SNR of the output system can get its maximum value when 
equation ( ) ( 1 )h n s N n    holds.  And ( )H Z  in Fig. 3 is the FFT of h .
The output of the system after the data is processed by the matched filter is  
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The output at 1n N   is 
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Note that the equation (10) is equivalent to the left side of equation (7), which shows that the output of 
generalized matched filter (GMF) at 1n N   can be regarded as the test statistic. The signal detection process 
based on the GMF is shown in Fig. 3.  
3. Simulation results and discussion  
The proposed method is evaluated on the synthetic data and the measured background data for RDX detection. 
The synthetic data is generated by injecting an ideal NQR FID signal into the measured background data. Both sets 
of data are accumulated for 200 times. The experimental value of parameter 2 *T  is 0.7 ms [7], and value of cf
is the intermediate frequency 100 kHz according to the NQR detection system. The SNR of the accumulated 
synthetic data varies from different values. Although the threshold level can be determined by the statistical method, 
for simplicity, it is evaluated manually in this paper. The generalized GMF detector and MF detector with a fixed 
threshold are employed for the two sets of data, respectively.  
Fig.4. plots the output of the GMF at 1n N   for synthetic data and the background data. With the increase 
of SNR, the gap between the output with explosive and that without explosive becomes larger. 
The relationship between SNR and the GMF detection performance with the same threshold is shown in Fig.5. 
When SNR increases from -2dB to 0dB, the performance improves greatly. 
 Fig.6 is the comparison of performance obtained using two different algorithms, the GMF detector and the MF 
detector, with the same low SNR -5dB. The experimental result indicates that the performance based on the GMF 
detector surpass that based on the MF detector when probability of false alarm (PFA) is less than about 0.55. When 
PFA is at around 0.6, the performance of the MF detector is better than that of GMF, but, the PFA is too large that 
the threshold is not proper for the explosive detection. 
Thus, from the above analyses, the GMF detector is proper for the NQR detection of explosive signals with low 
SNR.  
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Figure 4. GMF detector for synthetic data and background data. (a) SNR = -2dB; (b) SNR = 5dB
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Figure5. GMF detection performance with SNR
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Figure6. ROC curve comparison between GMF detector and MF detector
4. Conclusions  
In this paper, a generalized matched filter detector for explosive detection with NQR method is proposed. The 
approach can more effectively detect the explosive signal than only using the matched filter algorithm. Moreover, 
AR process is used to estimate the measured background noise, which enhances the performance. The experimental 
result shows the efficiency of the proposed algorithm.  
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